Abstract In the recent half century, numerous methods have been developed to assess ecological toxicity. However, the presence of solid-particle turbidity sometimes causes such tests to end with questionable results. Many researchers focused on controlling this arbitrary turbidity effect when using the Microtox® solid-phase toxicity system, but there is not yet a standard method. In this study, we examined four solid-phase sample test methods recommended in the Microtox® manual, or proposed from the literature, and compared the existing methods with our proposed method (centrifuged basic solid-phase test, c-BSPT). Four existing methods use the following strategies to control turbid particles: complete separation of liquid and solid using 0.45-μm filtration before contacting solid samples and bacteria, natural settlement, moderate separation of large particles using coarser pore size filtration, and exclusion of light loss in the toxicity calculation caused by turbidity after full disturbance of samples. Our proposed method uses moderate centrifugation to separate out the heavier soil particles from the lighter bacteria after direct contact between them. Among the solid-phase methods tested, in which the bacteria and solid particles were in direct contact (i.e., the three existing methods and the newly proposed one, c-BSPT), no single method could be recommended as optimal for samples over a range of turbidity. Instead, a simple screening strategy for selecting a sample-dependent solid-phase test method was suggested, depending on the turbidity of the solid suspension. The results of this study highlight the importance of considering solid particles, and the necessity for optimal selection of test method to reduce errors in the measurement of solid-phase toxicity.
Introduction
The measurement of toxicity using bioluminescent bacteria is growing in popularity owing to its simplicity, short response time, and ease of maintenance. Among the various test methods using bioluminescent bacteria, Microtox® Bioassay is a commercial kit using Aliivibrio fischeri (A. fischeri, NRRL number B-11177, also known as Vibrio fischeri) as a toxic receptor. It has been reported that the A. fischeri bioluminescence assay is one of the most sensitive methods for a wide range of chemicals, compared to other bioassays (e.g., nitrification inhibition, respirometry, ATP luminescence, and enzyme inhibition) (Vanhala and Ahtiainen 1994; Dalzell et al. 2002; Parvez et al. 2006) . Microtox® has been used as a standard government ecotoxicological test method in a number of countries (i.e., Canada, The Netherlands, France, Germany, Sweden, and Spain) (Keddy et al. 1995; Park and Hee 2001) .
Microtox® Bioassay is a method originally designed for aqueous samples, so it has been reported to have relatively high accuracy and reliability when used to test liquid samples. However, some questionable results have been reported when it is used to test solid samples, mainly due to the blocking of light by turbidity particles (Parvez et al. 2006; Lappalainen et al. 1999 Lappalainen et al. , 2001 Campisi et al. 2005; Ashworth et al. 2010; Kovats et al. 2012; Burga Perez et al. 2013; Xiaoyan et al. 2014) . Volpi-Ghirardini et al. (2009) stated that previous research had proven that physical interference of particles with bioluminescence could be a confounding factor in solid-phase sample tests (Brouwer et al. 1990; Tung et al. 1990; Bulich et al. 1992; Svenson et al. 1994; Benton et al. 1995; Brouwer and Murphy 1995; Ringwood et al. 1997; Onorati et al. 1998; VolpiGhirardini et al. 1999; Ma et al. 2014) .
To correct this negative influence of turbidity, researchers have suggested several methods for controlling turbid particles. Compared to the color effect that is easier to correct, the turbidity effect demands more sophisticated control (e.g., removing turbidity particles while keeping bacteria in suspension or assuming suspended particles act in the same way as red-brown colored dye) (Ashworth et al. 2010) . The Microtox® user manual provides two methods for testing samples that include solid particles. The first method is the basic solid-phase test (BSPT) and the other is the solid-phase test (SPT). The BSPT is essentially identical to the regular basic test (BT) method (the default method for liquid samples) except that the sample filtration step is omitted. In BSPT, the solid particles are partly removed by natural settling during 15-30 min of reaction time of the toxic acceptor. This method is regarded as acceptable when the light-blocking effect of the turbid particles is negligible. On the other hand, the SPT method uses a specially designed filter with 15-to 45-μm pore size. The test sample is filtered just before the light measurement, after direct contact of the bacteria and solid suspension. This method was conceptually designed to separate the solid particles and bacteria using the SPT filter, but the efficiency of separation is limited samples with coarse solid particles. Campisi et al. (2005) suggested an alternative test method (modified basic solid-phase test, mBSPT), which considered the inhibition effect of turbidity particles. The modified BSPT is similar to the conventional BSPT, but has the additional step of disturbing the solid suspension before reading the initial light emission (right after bacterial contact with the sample) and the final light emission (after bacterial contact with the sample for a designated time). The light reduction observed in the initial step is assumed to indicate the reduction of luminescence caused only by the physical blocking of light by turbidity particles. Burga-Perez et al. (2012) investigated different bioassays (Microtox® solid-phase assay or MSPA and Microtox® leachate phase assay or MLPA) based on different intervals and methods of filtration to get rid of the turbidity effect (Burga Perez et al. 2012; . Owing to these shortcomings of solid-phase toxicity test methods, many researchers have tested the solid particles regardless of their toxic effects, after completely separating the solid particles from the sample using centrifugation or filtration (Dombroski et al. 1996; Ringwood et al. 1997; Romkens et al. 1999; Harkey and Young 2000; Park and Hee 2001; Tiensing et al. 2001; Jung et al. 2001; Loureiro et al. 2005; Parvez et al. 2006) . However, removal of the particles by those methods (leachate basic test, L-BT) may cause an underestimation of total toxicity, if the particles removed have a toxic load.
In this study, we developed a new method of controlling turbid particles (the c-BSPT, centrifuged basic solid-phase test) by adding a centrifugation step at moderate revolutions per minute (rpm) and time and compared results obtained with those from four existing test methods. Based on the test results and literature review, the strengths and shortcomings of each method were examined. Furthermore, the optimal solid-phase test method was proposed in a sample-specific manner to minimize possible errors and false toxicity readings when using the Microtox® system for the toxicity testing of solid-phase samples.
Materials and methods

Sample preparation
The solid samples used for toxicity measurements were stream sediments obtained from two banned mining sites in Busan, South Korea. Samples were collected from downstream of abandoned adits and were wetsieved (#100 standard) to collect sediments passing through the 150-μm pores. Fifteen samples were selected for experiments and classified into four categories depending on their toxicity and turbidity (i.e., HH=high toxicity and high turbidity, HL=high toxicity and low turbidity, LH=low toxicity and high turbidity, LL=low toxicity and low turbidity). To measure the turbidity of a sample, 0.05 g of solids was mixed with 10 mL distilled water and turbidity measured using Hach 2100Q (Hach, USA). A higher dilution factor was applied when the turbidity reading was unavailable at solid solution ratios greater than 1:200. The chemical composition results obtained from acid digestion of the samples, followed by analytical measurement with an inductively coupled plasma optical emission spectrometer (PerkinElmer, USA), are presented in Table 1 .
Toxicity tests suggested in Microtox® system (L-BT, BSPT, and SPT)
To find the optimum test procedure among existing solid-phase test methods, four existing test methods were applied. The conceptual figures and step-by-step test procedure of each method are presented in Table 2 . The detailed general test procedure of Microtox® system is introduced in the supplemental material. With the L-BT method, the sediment suspension was filtered with a 0.45-μm syringe filter and only the supernatant was used to measure the toxicity of the clear solution. Thus, there was no direct contact of the solid particles with the bacteria. The details of the test procedure can be found in the Microtox® user manual (Azur Environmental 1998) .
The second and third methods used were SPT and BSPT. The SPT uses an SPT filter (Evergreen Scientific, USA) to separate coarse particles from a solid suspension mixed with bacteria. Unlike the SPT, the BSPT does not require extra equipment (e.g., incubator block or filters). This method involves direct contact of solid particles with the bacteria. No other process is needed to separate solid particle except the natural settling that occurs during the reaction time. Therefore, in principle, the effect on light intensity of suspended solids left in the suspension after the natural settling in BSPT should be negligible, but this is not always true.
The fourth method was adopted from Campisi et al. (2005) . The mBSPT method includes the light output at the highest level of turbidity by disturbing the sample just before measurement of the light and takes it as the initial light intensity (I mod ). With the mBSPT, the light intensity of a sample is read three times (Table 2) . First, before sample injection, the initial light output (I 0 ) is read. It is read again just after putting the sample into the a The 15-min turbidity was set as a standard in sample classification to consider spontaneous settle down during the designed test time cuvette (modified initial light output: I mod ) and finally read a third time after bacteria are added to the sample (I t ). With the mBSPT, the toxicity is calculated using I mod and I t . In determining EC 50 , the software provided by Azur Environmental automatically calculates the result as EC 50 using the bioluminescence inhibition (%) parameter, defined as follows:
The sample toxicity unit (TU) is calculated using the obtained EC 50 in Eq. 3.
Centrifuged basic solid-phase test
In this research, we also tested a new alternative, named the c-BSPT. This proposed test method controls sample turbidity using centrifugation. The c-BSPT is similar to the BSPT except that the added centrifugation step forces the turbidity particles to settle, while the bacteria remain suspended in the solution. High-speed centrifugation is a typical microbiological method used to isolate bacteria from a diluted suspension. In this study, a slower centrifugation speed was used to settle soil or sediment particles, while allowing bacteria to remain suspended. In the c-BSPT, a 2-mL plastic microcentrifuging tube was used as a sample cuvette instead of a commercial Microtox® sample cuvette. This way, the sample does not need to be transferred to a separate container for the centrifugation step. In the c-BSPT, the bioluminescence inhibition is defined in a way similar to that explained earlier, except that I ct (the light emission after centrifuging, followed by reaction of sample with bacterial reagent for 15 min) is used instead of I t in Eqs. 1 and 2. The equation used for toxicity calculation in the c-BSPT is
Results
Determination of c-BSPT method
To establish a proper centrifugation speed (in rpm), it was necessary to clarify whether centrifugation influenced light emission from the bacteria. We examined the change in light intensity within a range of 300 to 10,000 rpm. Each test was replicated five times for consistency. From the results, it was observed that the light intensity increased after centrifuging due to bacterial activation. The change in light output was maximal when the centrifuge speed was 500 to 1000 rpm and declined with increasing centrifuge speed. The reduction of the light output change is attributable to the settlement of bacteria when the rpm is high. The detailed results of changes in bacteria activity after centrifugation are in the supplemental material (SM Figure 2) . Regarding the settling of bacteria, the optimal centrifugation speed for the c-BSPT procedure was determined to be 500 rpm. The change in light output induced by centrifugation can be adjusted in the EC 50 calculation using Eqs. 4 and 5.
To verify the effectiveness of the newly proposed c-BSPT method, solid extracts without particulate matter were tested using c-BSPT and BSPT. If the c-BSPT results were similar to those of BSPT (same as L-BT when aqueous samples are tested), within the acceptable range of the tolerance level of the general Microtox® test, then the new c-BSPT method should be systematically acceptable. Figure 1 shows the overall linear regression of EC 50 in BSPT versus c-BSPT testing of solid extracts. It indicates a relatively significant correlation (r 2 =0.9309, linear regression=0.9479), and the deviation was within the boundary of normal systemic deviation caused by Microtox®. This indicates that the centrifugation effect itself can be corrected in calculations. Thus, we selected 500 rpm with a run time of 1 min as optimal for settling the turbidity particles without precipitating the bacteria. It should be noted that a test-dependent (i.e., sample quality-dependent) approach to selecting the proper rpm and run time could be applied, with a comprehensive understanding of the entire process.
Comparison of toxicity results tested using five different methods
The toxicity of 15 samples was evaluated using the five different test methods (L-BT, SPT, BSPT, mBSPT, and c-BSPT) and the results are presented in Table 3 in EC 50 units along with the results of turbidity measurement. These results were categorized into four groups based on the cross-compared trends of EC 50 values obtained from each method.
It was found that the 15-min turbidity value was an effective parameter among the categorizing criteria. The categorized results of EC 50 depending on the 15-min turbidity of samples are presented in Fig. 2 as pentagonal graphs. The EC 50 of the L-BT was higher in most samples than the EC 50 of the other test methods. This is attributable to the lack of direct contact of luminescent bacteria to particle surfaces with toxic loads. Moreover, it is noticeable in the mBSPT results that, samples with lower toxicity (LL and some LH samples) yielded toxicity results with relatively high EC 50 values (up to 100, and this value means that a sample is non-toxic) even though the samples are certainly toxic in some degree since the results obtained from L-BT, as the lowest threshold, is presenting those samples' toxicity. The reason for this false measurement using the mBSPT will be discussed in detail in the BDiscussion^section.
In particular, the EC 50 relative to the range of turbidity of the BSPT and c-BSPT were comparable, but the effective concentration was slightly higher in c-BSPT. This is probably owing to elimination of effects on light transmission caused by turbidity particles (removed by centrifuging in the c-BSPT). This effect from control of turbidity with c-BSPT can be seen in Fig. 2c . This trend of higher EC 50 in c-BSPT was not observed in results of s a m p l e s w i t h t u r b i d i t y t h a t w a s t o o h i g h (turbidity 15min >500 NTU) or too low (turbidity 15min < 100 NTU). The reason for the smaller EC 50 in c-BSPT will also be discussed in the next section.
Discussion
Error-causing factor of the L-BT
The L-BT yielded higher EC 50 in most cases, which means the results obtained from the L-BT yielded lower toxicity results than other test methods. This is primarily because the samples used for the L-BT contained only the water-soluble portion of toxicants and did not consider toxicants on the particles. An example of the toxicity of particle is shown in Fig. 3 . Given that sample LL#1 had one of the lowest turbidities, it is logical to regard it as a turbidity effect-free sample. Although use of the L-BT could eliminate the negative turbidity effect during the test, it resulted in a possible underestimation of toxicity. It was noted that aqueous extracts from soil are less sensitive (tests of actual toxicity in un-extracted solid-phase samples) mainly because bacteria are not in direct contact with contaminants present in the bulk soil (Loureiro et al. 2005; Indiana DOT. 2008; Harkey and Young 2000) . Thus, the L-BT and any other extraction method should be carefully examined with complete consideration of the potential for toxic contribution of solid particles.
Error-causing factor of the SPT The SPT uses a specially designed commercial filter to isolate soil particles from the solution while allowing the bacteria to remain suspended. However, the filtration efficiency is low and it is questionable whether the filtration efficiency in the SPT is better than the condition provided by natural settling with the BSPT. Despite the questionable performance of the SPT filter in separating fine particles, the usage of this method in evaluating solid samples containing fine particles has been reported (for example : Serafim et al. 2013 ).
Moreover, in contrast with other methods in which the light output is measured twice (initial step: I 0 and final step: I t or I ct ), the SPT calls for only one measure of light output (after 15 min of reaction for each batch of serial dilution). With the Microtox® system, only 10 to 20 μL of bacterial reagent is transferred from a reagent well to a sample tube or diluents tube. Because this is such a small amount, errors can easily occur. A specific case is presented in the supplemental material (SM Table 1 ). In the statistical analysis of the measured I 0 of BSPT (there were 300 batches), the I 0 values ranged from 64 to 121, with an average value of 92±9.6.
Error-causing factor of the BSPT When a sample is highly turbid, even after natural settling during the 15 min of reaction time, the light from bacteria can still be blocked by suspended particles, so the light detector cannot read the authentic light intensity in the BSPT. If the sample has turbidity of less than 100 NTU after 15 min of natural settling, the turbidity can be well-controlled and the measurement will not be disturbed. However, when the sample has turbidity over 100 NTU, turbidity is a primary factor that should be regulated. Since BSPT and c-BSPT are similar methods, except for the final light intensity that is read after centrifugation with c-BSPT, these methods can be compared to verify the effect from controlling turbidity. In Table 3 , it was revealed that EC 50 was lower in most cases with BSPT when turbidity was between 100 and 500 NTU because turbidity particles that might have blocked the light from the bacteria were effectively settled by centrifugation.
Error-causing factor of the mBSPT When the mBSPT method is applied on a sample with low toxicity and high turbidity, the light reduction caused by the turbidity may mask the toxicity-related reduction in light production. For instance, the measured initial light output (I mod ) of the disturbed sample is similar to the measured light output (I t =I t_disturbed ) of the same sample after 15 min. However, the undisturbed I t (I t_undisturbed ), of which the light output was measured just before shaking the sample, was higher than the I t of the disturbed sample (I t_disturbed ). In this case, the reduction in the light output caused by the sample's real toxicity is masked by a false light reduction caused by the physical blocking of light by turbidity particles. The test result in Fig. 4a shows the case for which mBSPT would be ideal, and Fig. 4b shows a case for which mBSPT cannot be applied. The graph in Fig. 4a shows how the mBSPT corrected the possibility of overestimation of toxicity of BSPT by separating the causes of light reduction into turbidity-induced and toxicity-induced parts. However, the graph in Fig. 4b displays the typical case of toxicity screening by turbidity-induced light output. The turbidity-induced light reduction is greater than the toxicity-induced light reduction, so the change in light intensity was not noticeable. This demonstrates that this method may produce false results. Despite the obvious error-causing factor of mBSPT, this method is still used by other researchers without profound understanding of possible false results (Jho et al. 2015) .
Error-causing factors of the c-BSPT
It turns out that the c-BSPT is suitable when the sample turbidity is in the range from 100 to 500 NTU. For this reason, the light intensity results with the former tend to be higher (Fig. 5) , and this demonstrates well the positive effect of controlling turbidity particles by centrifugation. However, different trends were observed in the c-BSPT results of samples with too high or too low turbidity. A significant trend observed was that the light intensity in the c-BSPT for samples with high turbidity (turbidity 15min ≥500 NTU) was lower than that from the BSPT. This phenomenon can be explained using the Bdensity theory.^This theory provides an explanation of why more turbid samples tend to have fewer microbes in the solid particle suspension and thus why less bioluminescence would be detected from the supernatant. In samples with many turbidity particles, the solid particles are more likely to adsorb or simply drag the bacteria during the centrifugation procedure. This may cause the removal of active luminescent bacteria, thereby resulting in a false rate of bacterial mortality. The details of the density theory are provided in the supplemental material. Furthermore, the c-BSPT applied to samples with low turbidity and low toxicity may have another possible source of error. The centrifugation caused the activation of luminescent bacteria and this led to slightly higher I 0 values. Since the changes of light output before and after the sample addition will be small in samples with low turbidity and low toxicity, a small change in I 0 could bring about the overestimation of toxicity. Moreover, in general, turbidity is not a problematic factor in toxicity testing of samples falling in the LL category, so the BSPT would be the most practical method due to its simplicity.
Application of sample-specific methods
We have demonstrated clearly that sample turbidity is a primary factor causing inaccurate results when turbid samples are evaluated using the Microtox® solid-phase test. It is not easy to rule out the particle effect when considering the toxicity effect of particles, when using the bioluminescence method. Therefore, a compromise strategy is necessary to obtain the results with the least bias. For toxicity tests of stream sediments, we suggest using the flow chart shown in Fig. 6 for the screening of methods. One needs to measure the 15-min settling turbidity first with 1:200 diluted solid suspensions. If the measured turbidity falls in the range of 100 to 500 NTU, we recommend the use of the c-BSPT. If the measured turbidity is less than 100 NTU, use of the BSPT is recommended. After selecting the optimal test method, we recommend preparing a sample at 1:5 dilution using 2 % NaCl diluent (or using commercial Microtox® diluent). Note that the applied 1:200 dilution is only used when screening the samples to choose an optimal test method. In the toxicity measurement, sufficient clearance of sample is achieved through serial dilution, and a smaller volume of the sample was used. This means that a 1:5 dilution is practical unless the 15-min turbidity of the sample is too high. For samples with such turbidity that is too high (>500 NTU), more dilution is recommended. Upon careful analysis of toxicity results for this particular case, it seems rational to evaluate the sample toxicity after extra dilution, to lessen the influence of turbidity. It needs to be noted that this recommendation may not be valid for toxicity evaluation of nano-sized powdery materials. The dilution factor is known to be another error-causing factor (Dombroski et al. 1996; Volpi-Ghirardini et al. 2009 ) because the bacterial response to the toxicant is not usually linearly proportional to the concentration in the suspension. Therefore, if the 15-min settling turbidity is not too high, applying a fixed dilution ratio is a rational choice for conducting cross-comparison of toxicity results among samples. The recommended 1:5 dilution ratio is the most widely used dilution ratio, and a recommended default method for the Microtox® system, when a solid sample is prepared for toxicity evaluation.
Conclusions
In bioassays using bioluminescent microorganisms, the turbidity of samples is a potential error-causing factor in the assessment of soil or sediment sample toxicity. The toxicity result of solid samples could be under-or overestimated depending on whether, and how, the turbidity of the samples is controlled. The application of five solid-phase toxicity test methods for the Microtox® system (four existing and one newly proposed) provides pros and cons for each, so no single method was identified for universal application. One of the difficulties of this research was that there was no standard sample of known toxicity and defined turbidity level. Therefore, the best-use recommendation among the five methods was selected based on the need to minimize errors in the toxicity results. Despite the limitations of this research already discussed, these results provide useful guidance for making better decisions in the selection of solidphase toxicity test methods by simply adding a new procedure for turbidity measurement. Further study should be conducted in order to verify the effectiveness of the suggested screening strategy.
